In Synechocystis sp. strain PCC 6803, the genes encoding the proteins involved in nitrate assimilation are organized into two transcription units, nrtABCD-narB and nirA, the expression of which was repressed by ammonium and induced by inhibition of ammonium assimilation, suggesting involvement of NtcA in the transcriptional regulation. Under inducing conditions, expression of the two transcription units was enhanced by nitrite, suggesting regulation by NtcB, the nitrite-responsive transcriptional enhancer we previously identified in Synechococcus sp. strain PCC 7942. The slr0395 gene, which encodes a protein 47% identical to Synechococcus NtcB, was identified as the Synechocystis ntcB gene, on the basis of the inability of an slr0395 mutant to rapidly accumulate the transcripts of the nitrate assimilation genes upon induction and to respond to nitrite. While Synechococcus NtcB strictly requires nitrite for its action, Synechocystis NtcB enhanced transcription significantly even in the absence of nitrite. Whereas the Synechococcus ntcB mutant expresses the nitrate assimilation genes to a significant level in an NtcA-dependent manner, the Synechocystis ntcB mutant showed only low-level expression of the nitrate assimilation genes, indicating that NtcA by itself cannot efficiently promote expression of these genes in Synechocystis. Activities of the nitrate assimilation enzymes in the Synechocystis ntcB mutant were consequently low, being 40 to 50% of the wild-type level, and the cells grew on nitrate at a rate approximately threefold lower than that of the wild-type strain. These results showed that the contribution of NtcB to the expression of nitrate assimilation capability varies considerably among different strains of cyanobacteria.
In cyanobacteria, expression of the genes encoding the proteins involved in uptake and reduction of nitrate, i.e., nrtABCD or nrtP for the nitrate-nitrite transporter (NRT), narB for nitrate reductase (NR), and nirA for nitrite reductase (NiR), is negatively regulated by ammonium (3, 7, 19, 23, 26, 27) . These genes are usually clustered on the genome and in Synechococcus sp. strain PCC 7942 and Anabaena sp. strain PCC 7120, organized into a large operon, nirA-nrtABCD-narB (nirA operon) (3, 7, 22, 27) . Including the nitrate assimilation genes, cyanobacteria have a number of ammonium-repressible genes related to nitrogen metabolism. Expression of the ammoniumrepressible genes commonly requires a Crp-type transcriptional regulator protein, NtcA (28; see reference 11 for a review). Thus, the ammonium-promoted regulation of the nitrate assimilation genes is a part of global nitrogen control in cyanobacteria.
In addition to ammonium-promoted regulation, positive regulation by nitrite of the nitrate assimilation operon has been found in Plectonema boryanum and Synechococcus sp. strain PCC 7942 (14) . Studies in Synechococcus sp. strain PCC 7942 showed that the nitrite-promoted regulation is specific to the nirA operon and is mediated by a LysR family protein, NtcB (2) . NtcB does not promote transcription by itself but upregulates transcription when transcription is induced by the action of NtcA in the presence of nitrite, either exogenously supplied or endogenously generated by nitrate reduction (14, 16) ; in other words, NtcB acts as a nitrite-dependent enhancer of nirA operon expression. NtcB is not essential for expression of the nitrate assimilation enzymes and for growth of the Synechococcus strain with nitrate as the nitrogen source (25) . Recent studies with Anabaena sp. strain PCC 7120 (6), however, put forward a considerably different view of the role of NtcB in regulation of the nitrate assimilation operon. NtcB appears to be essential for expression of the nitrate assimilation enzymes; NtcB was shown to have nitrite-independent activity in upregulation of nirA operon transcription, which result was taken as evidence for the absence of any specific role of nitrite in regulation of nirA operon expression (6) .
In the present study, we identified the ntcB gene of Synechocystis sp. strain PCC 6803, in which cyanobacterium the nitrate assimilation genes constitute two separate loci, and studied its function by construction and characterization of an insertional mutant of the gene. Unlike Synechococcus sp. strain PCC 7942, in which NtcA by itself activates transcription of the nitrate assimilation operon to a significant level, Synechocystis sp. strain PCC 6803 is shown to require NtcB for high-level expression of the nitrate assimilation genes. NtcB is nevertheless shown to be nonessential for expression of the activities of the nitrate assimilation enzymes. It is also shown that Synechocystis NtcB mediates the response to nitrite, although it upregulates transcription of the target genes even in the absence of nitrite. Common features and strain-specific diversities of the NtcBmediated regulation in cyanobacteria are discussed.
MATERIALS AND METHODS
Strains and growth conditions. The glucose-tolerant derivative of Synechocystis sp. strain PCC 6803, which was isolated by Williams and has been commonly used for photosynthesis research (31) , and the mutant strains derived therefrom (see below) were grown photoautotrophically at 30°C under CO 2 -sufficient conditions as previously described (26) . Continuous illumination was provided by fluorescent lamps at 100 mol of photons m Ϫ2 s Ϫ1 . The basal medium used was a nitrogen-free medium obtained by modification of BG11 medium (24) as previously described (26) . Ammonium-containing medium and nitrate-containing medium were prepared by addition of 3.75 mM (NH 4 ) 2 SO 4 and 15 mM KNO 3 to the basal medium, respectively. Both media were buffered with 20 mM HEPES-KOH (pH 8.2). When appropriate, kanamycin and spectinomycin were added to the media at 10 g ml Ϫ1 . Transcription of the nitrate assimilation genes was induced by treatment of ammonium-grown cyanobacterial cells with L-methionine-D,L-sulfoximine (MSX), an inhibitor of glutamine synthetase, or by transfer of the ammoniumgrown cells to nitrogen-free medium. MSX was added to cyanobacterial cultures in the mid-logarithmic phase of growth with or without simultaneous addition of NaNO 2 . The final concentrations of MSX and NaNO 2 were 0.1 and 5 mM, respectively. For transfer of the cells to nitrogen-free medium, the ammoniumgrown cells were collected by centrifugation at 5,000 ϫ g for 5 min at 25°C, washed twice with the basal medium by resuspension and recentrifugation, and inoculated into the basal medium.
Insertional inactivation of sll1454 and slr0395. For construction of a mutant of sll1454 (narB), a DNA fragment carrying the entire sll1454 coding region (nucleotides Ϫ2 to ϩ2145 with respect to the translation start site) was amplified by PCR using the Synechocystis chromosomal DNA as the template and cloned into pT7Blue T-Vector. The plasmid was digested with PacI and MscI to remove a 0.9-kbp internal segment of the cloned sll1454 gene. After blunting of the termini, the linearized plasmid was ligated with a spectinomycin resistance gene cassette excised from plasmid pRL463 (4) with HincII to yield plasmid pNARBS carrying an interrupted copy of sll1454. For construction of a mutant of slr0395 (ntcB), a 1.4-kbp DNA fragment carrying the entire slr0395 coding region (nucleotides Ϫ155 to ϩ1201 with respect to the translation start site) was amplified by PCR and cloned into pT7Blue T-Vector. The plasmid was digested with NheI and StyI to remove a 0.5-kbp internal segment of slr0395. The linearized plasmid and a 1.3-kbp kanamycin resistance gene cassette, which had been excised from plasmid pUC4K (29) with BamHI, were mixed and ligated after blunting of the termini of the two fragments. The resulting plasmid, pNTCBK, carried an interrupted slr0395 gene. The plasmids pNARBS and pNTCBK were used to transform the wild-type Synechocystis strain through homologous recombination to spectinomycin and kanamycin resistance, respectively, to obtain an sll1454 insertional mutant (SNAR1) and an slr0395 insertional mutant (SNIC1).
Isolation and analysis of DNA and RNA. Chromosomal DNA was extracted and purified from Synechocystis sp. strain PCC 6803 cells as described by Williams (31) . Total RNA was extracted and purified from the cyanobacterial cells by the method of Aiba et al. (1) . For Northern hybridization analysis, RNA samples (10 g per lane) were denatured by treatment with formamide, fractionated by electrophoresis on 1.2% agarose gels that contained formaldehyde, and transferred to positively charged nylon membranes (Hybond Nϩ; Amersham). For dot hybridization analysis, 1.25-and 2.5-g aliquots of each of the denatured RNA samples were spotted on the nylon membranes with a dot blot apparatus. The blots were allowed to hybridize as described by Imamura et al. (12) with the following probes: a 1,674-bp DNA fragment carrying the entire nirA gene, extending from nucleotide Ϫ13 to 1642 with respect to the translation start site; an 889-bp nrtC fragment corresponding to nucleotides Ϫ69 to 820 of the coding region; a 2,149-bp DNA fragment carrying the entire narB gene, extending from nucleotide Ϫ2 to 2147 with respect to the translation start site; a 455-bp ntcA fragment corresponding to nucleotides 165 to 619 of the coding region; and a 0.5-kbp NheI-StyI fragment of the ntcB gene. The DNA probes other than the ntcB-specific probe were prepared by amplification by PCR of the respective sequences, with genomic DNA from Synechocystis sp. strain PCC 6803 as the template. The double-stranded DNA probes were labeled with 32 P as described by Feinberg and Vogelstein (5) . The hybridization signals were detected by autoradiography on X-ray film or by a Bio-Image analyzer (Fuji Photo Film). The radioactivity of the RNA dots was quantified with a Bio-Image analyzer. Primer extension analyses of the transcripts from the nirA gene and the nrt operon were carried out using 10 g of total RNA samples as the template and 4 pmol of the following oligonucleotides as the primers: a 27-mer oligonucleotide complementary to bases 55 through 81 of the nirA coding region and a 22-mer oligonucleotide complementary to bases 132 through 153 of the nrtA coding region. One-fortieth and one-thirteenth of the reaction products obtained with the nirA-and nrtA-specific primers, respectively, were electrophoresed on a gel containing 6% polyacrylamide and 8.3 M urea to determine the sizes and amounts of the extension products.
Measurements of nitrate uptake. Nitrate uptake by Synechocystis cells was measured at 30°C in the light by monitoring the changes in concentrations of nitrate in the medium as described previously (17) except that the pH of the assay medium was 8.2. For the assays, cells were collected by centrifugation, washed with nitrogen-free medium, and resuspended in nitrogen-free medium at a chlorophyll concentration of 5 g ml Ϫ1 . Nitrate was then added to the cell suspensions to a final concentration of ca. 0.1 mM, and the rate of nitrate uptake was calculated from the linear decrease of nitrate concentration in the medium with respect to time.
Other methods. NR and NiR activities were determined at 30°C, using toluene-permeabilized cells with dithionite-reduced methylviologen as the electron donor (9, 10) . Chlorophyll levels were determined according to the method of Mackinney (15) .
RESULTS
Identification of the Synechocystis genes related to nitrate assimilation. Figure 1A shows the map of the genomic regions carrying the nitrate assimilation genes of Synechocystis sp. strain PCC 6803. The sll1454 gene, encoding a protein 61% identical to NR of Synechococcus sp. strain PCC 7942, was identified as the NR gene (narB) of the Synechocystis strain, because an insertional mutant of this gene, SNAR1, exhibited no NR activity and failed to grow on nitrate (data not shown). The four genes sll1450, sll1451, sll1452, and sll1453, located upstream of the narB gene, were identified as the nitrate transporter genes nrtA, nrtB, nrtC, and nrtD, respectively, because they are the most similar among the genes of Synechocystis sp. strain PCC 6803 (13) to the Synechococcus nrtA, nrtB, nrtC, and nrtD genes (21, 22) , respectively, and also because modification of sll1452 abolished ammonium-promoted regulation of nitrate uptake (Kobayashi et al., unpublished results). slr0898 was identified as the NiR gene (nirA) of Synechocystis since it encodes a protein 66 to 71% identical to the nitrite reductase protein (NirA) of various strains of cyanobacteria (3, 20, 26, 27, 30) . The Synechocystis nirA gene is located upstream of the cynS gene for cyanase (8) , which in turn is located upstream of the putative molybdenum cofactor biosynthesis genes (Fig.  1A) .
Nitrogen regulation of the nitrate assimilation genes in Synechocystis sp. strain PCC 6803. Northern blot analysis, using probes specific to nirA ( Fig. 2A, lanes 1 to 3) and nrtC (Fig. 2B,  lanes 1 to 3) , showed that expression of the two genes is negligible in ammonium-grown cells (lanes 1) and is induced by inhibition of ammonium assimilation with MSX (lanes 2). Expression of these genes was induced also by transfer of the ammonium-grown cells to nitrogen-free medium (data not shown). These results indicated that the nitrate assimilation genes are ammonium-repressible genes which are activated simply by derepression. The abundance of the transcripts was greater when nitrite was added simultaneously with MSX to the cell suspensions (lanes 3) than when MSX alone was added (lanes 2), showing a positive effect of nitrite on transcription. The abundance of the ntcA transcript was, on the other hand, practically unaffected by MSX and nitrite (Fig. 2C, lanes 1 to  3) , showing that the gene is transcribed constitutively in Synechocystis sp. strain PCC 6803.
In the Northern hybridization analysis, the nrtC-specific probe yielded smeared hybridization signals extending from 0.25 to 7.5 kb, with exclusion of radioactivity in the regions of the rRNA bands (Fig. 2B) . The results indicated the presence of a large transcription unit, the transcript from which is rap-idly turned over. Since a narB-specific probe yielded essentially the same hybridization profile (data not shown) and since the size of the largest signal was close to the calculated size of the nrt-ABCD-narB gene cluster, 7.9 kb, we concluded that the nrtABCDnarB genes are cotranscribed as an operon. In the case of the nirA-specific probe, which also yielded smeared hybridization signals ( Fig. 2A) , estimation of the size of the hybridization signals was difficult because of disturbance of the hybridization profile by the rRNA bands ( Fig. 2A, lanes 2 and 3) . In most experiments, however, smeared signals of Ͻ1.5 kb were observed, suggesting that nirA constitutes a monocistronic transcription unit.
Identification of the ntcB gene of Synechocystis. The positive effect of nitrite on transcription of the nitrate assimilation genes in Synechocystis sp. strain PCC 6803 suggested involvement of NtcB in regulation of the genes. In Synechococcus sp. strain PCC 7942 and in Anabaena sp. strain PCC 7120, the ntcB gene is located in the DNA region upstream of the nitrate assimilation operon (6, 25) . In Synechocystis sp. strain PCC 6803, no ntcB-like gene is located around the nirA gene or the nrtABCD-narB operon; however, a gene (slr0395) encoding a protein 47 and 53% identical to NtcB of the Synechococcus and Anabaena strains, respectively, is located between the slr0394 and slr0362 genes (Fig. 1B) . Northern hybridization analysis using an slr0395-specific probe showed smeared hybridization signals of Ͻ1 kb, suggesting that the gene constitutes a monocistronic transcription unit (data not shown). To determine whether slr0395 represents the ntcB gene of Synechocystis, a mutant (SNIC1) was constructed by replacing a 0.5-kbp internal segment of the slr0395 coding region with a 1.3-kbp kanamycin resistance gene cartridge (Fig. 1B) . PCR amplification of the slr0395 genomic region of the SNIC1 mutant, using a set of primers that amplifies a 1.3-kbp DNA fragment from the wild-type DNA, yielded only a 2.1-kbp DNA fragment, showing that complete segregation of the mutant genome was achieved in SNIC1 (Fig. 1C) .
Northern blot analysis showed that the amounts of transcripts from the nirA gene and the nrt operon were much smaller in the slr0395 mutant than in the wild-type strain after induction with MSX treatment (compare lane 2 and lane 5 in Fig. 2A and B) . Also, there was no significant effect of nitrite on the level of mRNA (lanes 6). Time course experiments, using dot blots of total RNA samples for quantitative analysis of the transcripts, showed that the wild-type cells rapidly accumulate mRNA from the nirA gene and the nrt operon between 40 and 80 min after addition of MSX to ammoniumutilizing cells (Fig. 3) . The maximal levels of mRNA accumulation were much higher in the presence of nitrite than in its absence, confirming the positive effect of nitrite on transcription. The mutant cells, on the other hand, showed only slow, gradual accumulation of mRNA from the two transcription units irrespective of the presence of nitrite (triangles). These results indicated that slr0395 is required for high-level expression of the nitrate assimilation genes and its enhancement in response to nitrite. We therefore identified slr0395 as the ntcB gene of Synechocystis sp. strain PCC 6803. The higher level of the transcripts in the wild-type cells than in the mutant cells, observed in the absence of nitrite, showed that NtcB of Synechocystis sp. strain PCC 6803 is distinct from that of Synechococcus sp. strain PCC 7942 and similar to that of Anabaena sp. strain PCC 7120 in that it is active in upregulation of the nitrate assimilation genes even in the absence of nitrite.
Nitrate assimilation capacity of the ntcB mutant. The ntcB mutant grew as fast as the wild-type cells in ammonium-containing medium with a generation time of 5.5 h under the given conditions (Fig. 4) . While the wild-type strain grew in nitratecontaining medium with the same generation time as in ammonium-containing medium, the mutant grew very slowly in nitrate-containing medium, with a generation time of 17.4 h. The final cell density in the mutant cultures after prolonged growth in nitrate-containing medium was nevertheless equivalent to that in the cultures of the wild-type strain. These results showed that the mutant has an impaired capacity to assimilate nitrate.
When wild-type cyanobacterial cells are transferred from ammonium-containing medium to nitrate-containing medium, the abundance of mRNA of the nitrate assimilation genes increases to a high level and then, as the activities of NR and NiR increase, declines to a low steady-state level within several hours (26, 27) . Cells of Synechocystis sp. strain PCC 6803 also showed similar changes in the abundance of mRNA after transfer from ammonium-containing medium to nitrate-containing medium (data not shown). Figure 5A shows that the (Fig. 5B) . The rate of nitrate uptake by intact cells was also low in the mutant, being ca. 40% of the wild-type level (Fig. 5C ). These results suggested that inactivation of ntcB lowered the steady-state level of expression of the nitrate assimilation genes and hence reduced the capacity of nitrate assimilation.
Figure 5B also shows NR and NiR activities of the cells grown with ammonium and then subjected to a 4-h incubation in nitrogen-free medium. Since Synechocystis sp. strain PCC 6803 has no ability to fix N 2 , no external source of nitrogen is available for the cells under these conditions. During nitrogen starvation, NR and NiR activities of the wild-type cells increased to levels corresponding to ca. 50 and 30%, respectively, of the cells utilizing nitrate as the nitrogen source. The mutant, on the other hand, showed only a small increase in the NR and NiR activity levels after the same treatment. As a result, the NR and NiR activities in the nitrogen-starved mutant cells were only 35 and 25%, respectively, of the corresponding wildtype levels. The rate of nitrate uptake by the nitrogen-starved mutant cells was also low, corresponding to ca. 25% of that of the wild-type cells (Fig. 5C) . Expression of the nitrate assimilation activities was thus enhanced by the presence of ntcB in the absence of an external nitrogen source. This contrasted with the results obtained previously with Synechococcus sp. strain PCC 7942, in which the wild-type strain expressed lower NR and NiR activities than the ntcB mutant under the conditions of nitrogen starvation (2) .
Structure of the promoters of the nirA gene and the nrt-ABCD-narB operon. Figure 6A shows the results of primer extension analyses of RNA samples isolated from various nitrogen conditions, obtained using oligonucleotides complementary to the nirA and nrtA coding sequences, respectively. In accordance with the results of Northern hybridization analysis (Fig. 2) , no extension product was detected when the RNA samples from ammonium-grown cells were used as templates (Fig. 6A, lanes 1) . A single extension product was obtained for each of nirA and nrtA when RNA samples from MSX-treated cells were used as templates (lanes 2). Larger amounts of the extension products were obtained from RNA samples isolated from the cells treated with MSX plus nitrite (lanes 3), confirming the positive effect of nitrite on expression of the nirA and nrtA genes. From the sizes of the extension products, the A residue located 23 bases upstream from the nirA initiation codon and the G residue located 47 bases upstream from the nrtA initiation codon were identified as the transcription start position of the nirA gene and the nrt operon, respectively. The nucleotide sequences upstream of the nirA and nrtA transcription start sites conformed to the consensus sequence of the NtcA-dependent, ammonium-repressible promoters (11), having an NtcA-binding motif (GTAN 8 TAC) 22 and 20 bases upstream from the Ϫ10 promoter element, respectively (Fig.  6B) . Also, both of the two Synechocystis promoters contained an inverted repeat carrying a LysR motif (TN 11 A), centered at position Ϫ24 with respect to the NtcA-binding motif, which has been shown to be present in the promoters of the nirA operon of other strains of cyanobacteria (16) and supposed to constitute the binding site for NtcB (6, 16) .
DISCUSSION
In cyanobacteria, expression of the nitrate assimilation genes is induced simply by inhibition of ammonium assimilation or by withdrawal of combined nitrogen from medium, showing no requirement for nitrate or nitrite (3, 7, 26, 27) . Nitrite has nevertheless been shown to enhance transcription of the nitrate assimilation operon in Synechococcus sp. strain PCC 7942 and Plectonema boryanum (14) . Since the LysR family protein NtcB (25) , which mediates the response to nitrite (2), does not promote transcription by itself and acts as a nitrite-responsive enhancer when transcription is promoted by NtcA (16) , and since the activity of NtcA in promotion of transcription is subject to negative feedback by ammonium assimilation (28) , the positive effect of NtcB-nitrite is diminished by the ammonium generated internally by nitrate reduction. The action of NtcB-nitrite is hence prominent in cells treated with inhibitors of ammonium assimilation (16) . In the present study, using MSX-treated cells, we detected a positive effect of nitrite on expression of the two loci (nirA and nrt-ABCD-narB) required for nitrate assimilation of Synechocystis sp. strain PCC 6803 ( Fig. 2 and 3) . Nitrite-responsive, positive regulation of the nitrate assimilation genes has thus been demonstrated in three strains of cyanobacteria and seems to be common to most cyanobacterial strains. Since slr0395 was found to be involved in activation and the nitrite-responsive enhancement of transcription from the two transcription units ( Fig. 2 and 3) , we have identified the gene as ntcB of Synechocystis sp. strain PCC 6803. In Synechococcus sp. strain PCC 7942, the positive effect of NtcB on nirA operon transcription is totally dependent on nitrite (2); when incubated in nitrogen-free medium, the levels of nirA operon transcription and of NR and NiR activities were higher in an ntcB deletion mutant than in the wild-type strain, suggesting that NtcB negatively regulates transcription of the nitrate assimilation operon in the absence of nitrite (2) . In Synechocystis sp. strain PCC 6803, by contrast, the ntcB mutant SNIC1 showed much lower levels of nirA and the nrt operon expression and of NR and NiR activities than the wild-type strain in nitrogen-free medium (Fig. 2, 3 , and 5), indicating that NtcB positively regulates transcription in the absence of nitrite as well as in its presence. Nitrite-independent activity of NtcB in upregulation of expression of the nitrate assimilation operon has been recently reported in Anabaena sp. strain PCC 7120 (6) . Thus, in nitrogen-free medium, NtcB has opposite effects on transcription of the nitrate assimilation genes in different strains of cyanobacteria-positive effects in Synechocystis sp. strain PCC 6803 and Anabaena sp. strain PCC 7120 and a negative effect in Synechococcus sp. strain PCC 7942. The molecular basis of this difference is being investigated.
In Anabaena sp. strain PCC 7120, the nitrite-independent activity of NtcB to upregulate nirA operon expression was taken as evidence that NtcB does not mediate effects of nitrate or nitrite on transcription (6) . However, the present results obtained with Synechocystis sp. strain PCC 6803 suggest that NtcB can be active in upregulation of transcription in the absence of nitrite and at the same time responsive to nitrite ( Fig. 2 and 3 ). It should be noted that nitrate has been shown to have a positive effect on the activity levels of NR and NiR and the abundance of the nirA operon transcript in Anabaena sp. strain PCC 7120 (7, 18) ; the effect of nitrate may be due to enhancement of the activity of NtcB by the nitrite generated from nitrate. It has been shown not only in Synechococcus sp. strain PCC 7942 (16) but also in Anabaena sp. strain PCC 7120 (6) that positive regulation by NtcB requires the presence of NtcA. As discussed above, the positive effect of NtcB (and nitrite) would then be diminished by negative feedback through assimilation of internally generated ammonium. To draw a solid conclusion as to the presence or absence of nitriteresponsive regulation and the involvement of NtcB therein in Anabaena sp. stain PCC 7120, effects of nitrate and nitrite on nirA operon transcription need to be examined in cells treated with inhibitors of ammonium assimilation.
The nitrite-independent activity of NtcB in upregulation of transcription of the nitrate assimilation genes in Synechocystis sp. strain PCC 6803 was readily discernible because of the low level of transcription of the nitrate assimilation genes in the ntcB mutant (Fig. 2 and 3 ). This indicates that NtcA cannot promote high-level expression of the genes by itself and requires NtcB to attain high transcriptional activity. These results contrast with those obtained with Synechococcus sp. strain PCC 7942 (2); when induced with MSX in the absence of nitrite, the level of nirA operon transcription in the Synechococcus ntcB mutant was equivalent to that in the wild-type strain, indicating that NtcA by itself promotes high-level expression of nirA operon transcription. Thus, the contribution of NtcB to expression of the nitrate assimilation genes is much larger in Synechocystis sp. strain PCC 6803 than in Synechococcus sp. strain PCC 7942. It should be noted, however, that despite its large contribution to transcription of the nitrate assimilation genes, NtcB is not essential for expression of the nitrate assimilation activities in the Synechocystis strain (Fig.  5 ). Since ntcB is reported to be essential for expression of the NR and NiR activities in Anabaena sp. strain PCC 7120 (6), there appears to be a considerable variation among cyanobacteria in dependence on NtcB of expression of the nitrate assimilation activities. The underlying molecular mechanism and the physiological significance of the variation need to be clarified in future studies.
